We investigated the Na + environment in sodium silicate glasses and mixed alkali silicate glasses using 23 Na multiple-quantum magic-angle spinning (MQMAS) NMR spectroscopy, ab initio molecular orbital (MO) calculations, and Na + elution analysis. The 23 Na MQMAS NMR spectra of Na 2 OxSiO 2 and (1 ¹ y)Na 2 OyM 2 O2SiO 2 (M = Li, K) glasses showed an inhomogeneous distribution of local structures around Na + , even though spectral deconvolution was impossible. The quantum chemical calculations indicated that the alkali silicate glasses contained both aggregated and isolated Na + sites. The elution behavior also supported the local structure distribution described above. These results indicated that a cation with a high cation field strength tends to aggregate in mixed silicate glasses.
Introduction
Alkali ions in an amorphous state have attracted much interest because of the mixed alkali effect (MAE), which corresponds to a deviation from the linear additivity property of glass in alkali oxide glasses when one type of alkali ion is replaced by another type. 1) , 2) In fact, it is well known that the electric conductivity of alkali silicate glasses decreases when one type of alkali ion is replaced by another type. In general, a minimum electric conductivity is observed at some intermediate composition.
Various structural models have been proposed to explain the MAE based on a homogeneous spatial cation distribution using nuclear magnetic resonance (NMR) spectroscopy, 3) ,4) extended X-ray absorption fine structure (EXAFS) 5) , 6) analysis, and molecular dynamics (MD) simulation. 7) Ingram et al. 1 ),5), 6) reported that the MAE is caused by the disturbance created when one type of alkali ion moves to sites previously occupied by another type of alkali ion. The transportation of alkali ions in a glass network is hindered when the network contains a different type of alkali ion; this hindrance is caused by site mismatch energy. Ab initio molecular orbital calculations 8), 9) and an XPS study support this assumption. 10) More recently, an MD simulation using mixed alkali (LiK) silicate glasses provided an inhomogeneous structural model, where the environment of each alkali ion was different from those of the other alkali ions. 11) This study attributed the MAE to the site mismatch energy and a decrease in the hopping frequency of alkali ions between neighboring sites. Far-infrared spectroscopy on xCs 2 O(1 ¹ x)Na 2 O5SiO 2 glasses also showed that the vibrational energy generated by each cation is the same as that in the case of single alkali silicates. 12) In addition, the 29 Si MAS NMR spectra of various types of single alkali silicates showed that the distribution of SiO 4 units, Q n , which designates the tetrahedrally coordinated Si with n bridging oxygens and (4 ¹ n) nonbridging oxygens, is determined by a species of alkali as Q n § Q n+1 + Q n¹1 . 13) This reaction proceeds to the right when the field strength (Z/r) increases. In fact, Stebbins indicated that when an ion with high field strength is substituted for one with low field strength (e.g., Li for Na), there is an increase in the mean number of nonbridging oxygens associated with the ion with high field strength. 14) Undoubtedly, additional work is required to characterize the local structure of the alkali ions in mixed alkali silicate glasses. Magic-angle spinning (MAS) NMR is one of the most powerful tools for investigating the local structure of ions in glasses, as shown above. However, the MAS NMR spectra of quadrupolar nuclei such as Na in an amorphous state often show a featureless line because a quadrupolar interaction significantly broadens the NMR line width. Dynamic angle spinning (DAS) NMR, 15 ), 16) double rotation (DOR) NMR, 17) and MQMAS (multiple-quantum magic-angle spinning) NMR have been proposed by several authors 18) to obtain the sharp spectra of quadrupolar nuclei. In particular, MQMAS NMR is a relatively simple method that can be applied to a classical MAS NMR spectrometer because it combines the MAS NMR apparatus and a pulse sequence. 18) MQMAS NMR provides narrow two-dimensional spectra composed of a MAS dimension and an isotropic dimension. Although this method provides a considerable amount of information about the isotropic chemical shift and the quadrupolar interaction constants, especially in relation to network-forming ions such as 11 B, 17 O, and 27 Al, it is difficult to interpret the MQMAS spectra of alkali ions 19)22) because there is no well-defined alkali site in an amorphous solid.
The objective of this study is to interpret the featureless 23 Na MQMAS NMR spectra of silicate glasses and investigate the alkali ion distribution in these glasses using ab initio MO calculations, which have been widely utilized to simulate the structure of glass and calculate the NMR parameters.
23)25) Large cluster model calculations were employed to reproduce the local structure around the Na + in silicate glasses. In this study, we applied 23 Na MQMAS NMR spectroscopy to Na 2 OSiO 2 , Na 2 OK 2 O2SiO 2 , and Na 2 OLi 2 O2SiO 2 glasses. We also simulated the local structure around the Na + in the silicate glasses and calculated the NMR parameters in order to assign the 23 Na MQMAS NMR spectra. We also confirmed whether this assignment was correct by carrying out a Na + elution analysis using distilled water.
Experimental procedure

Sample preparation
The following glass compositions were used in the MQMAS experiment: Na 2 OxSiO 2 (x = 2, 3), (1 ¹ y)Na 2 OyK 2 O2SiO 2 , and (1 ¹ y)Na 2 OyLi 2 O2SiO 2 ( y = 0, 0.25, 0.33, 0.5). The starting materials were Na 2 CO 3 , K 2 CO 3 , Li 2 CO 3 , and SiO 2 commercial powders. Glass batches with the prescribed compositions were melted in a Pt crucible at 13001400°C for 5 h. The melts were quenched by immersing the bottom of the Pt crucible in water, which resulted in the formation of an optically clear and colorless material. To reduce the spin relaxation times, 0.1 mol % Mn was added to the mixed alkali glasses because the long relaxation times were observed in such glasses. The silicate crystals, Na 2 OSiO 2 and ¡-Na 2 O2SiO 2 with no spin-relaxation additive, were also prepared by crystallizing glasses of the stoichiometric compositions.
26) The crystallinity was confirmed using X ray diffraction (RIGAKU, RINT 2100). The Na 2 O 3SiO 2 composition was selected for the Na + elution analysis because the chemical durability of a high silica composition was too high, while that of a low silica composition was too low. The glass was crushed and size-classified using a steel mesh (106 212¯m). The crushed glass was washed five times using ethanol in order to eliminate any fine powder on the glass surfaces; the samples were then dried at 100°C.
NMR spectroscopy
Solid state 23 Na NMR spectra were acquired using a Chemagnetics CMX400 spectrometer. A commercial probe (4 mm) was used, and the rotation speed was set to 13 kHz with an accuracy of «10 Hz. To obtain pure absorption spectra, a Z-filtering method 27) and hypercomplex phase cycling 28) were used. The first radio frequency (rf) pulse in the MQMAS NMR experiment was set to 6.8¯s, while the second rf pulse was set to 2.2¯s. The spectra were obtained with a cycle time of 2 s. In the case of the silicate crystal, the cycle time was set to 60 s. The NMR signals were processed using Fourier transformation with shearing transformation. The MAS and isotropic dimensions were reported in ppm relative to NaCl (aq), whose MAS and isotropic shifts are set to 0 ppm.
MO calculation
We used three types of clusters for modeling the local structure around the Na in the silicate glasses ( Fig. 1) . A cluster with one Na atom was designated as silicate_Q3, where Q n represents Si with n bridging oxygens and (4 ¹ n) nonbridging oxygens. We used two types of clusters with three Na atoms. One cluster was designated as silicate_Q3Q3Q3, which had three Q3 sites, and the other cluster was designated as silicate_Q2Q3, which had one Q3 site and one Q2 site. Silicate_Q3Q3Q3 simulated aggregated Na + , while silicate_Q3 simulated isolated Na + . All of these clusters had eight Si atoms and exhibited a ring structure. The Na atoms were adjacent to both the bridging and nonbridging oxygens. These clusters were terminated by H atoms to compensate for the charge of the clusters. The clusters were completely optimized at the HartreeFock (HF) level with 6-31G(d) basis sets. The 23 Na NMR shielding constants and Mulliken charges were also obtained at the HF/6-31G(d) level using the gauge-independent atomic orbital (GIAO) method. The electric field gradients were calculated to obtain the asymmetry parameters and the quadrupolar shifts.
All the ab initio MO calculations were performed using Gaussian 03 29) on an SGI Origin 3800 at the Supercomputer Laboratory, Institute for Chemical Research, Kyoto University.
Na
© elution analysis
The crushed glass samples (300 mg) were soaked in 50 ml of distilled water at 40°C. The Na + concentration in the water was monitored using a sodium ion meter, CARDY C-122 (HORIBA). The MQMAS NMR spectra were also acquired for these sodiumeluted glasses.
Results
The 23 Na MQMAS NMR spectra of (1 ¹ y)Na 2 OyK 2 O 2SiO 2 Na with daggers were calculated to be 566.2, 566.6, and 563.5 ppm for silicate_Q3, silicate_Q3Q3Q3, and silicate_Q2Q3, respectively. Dotted lines indicate the non-bridging oxygens.
Figs. 3(a) and 3(b). The contour lines are plotted at every 12.5%, while the dotted line and circle at the center of the spectra correspond to 12.5 and 87.5%, respectively. The two intersecting solid lines shown in Figs. 2 and 3 indicate a chemical shift (CS) axis and a quadrupolar interaction shift (QIS) axis, respectively. The dotted lines in these figures correspond to the 12.5% height line of the 23 Na MQMAS NMR spectrum of Na 2 O2SiO 2 glass, shown in Fig. 2(a) . It is obvious that the area around ¹40 ppm on the MAS axis disappears when Na 2 O is replaced with K 2 O, as shown in Fig. 2 , while the area around 0 ppm disappears when Na 2 O is replaced with Li 2 O, as shown in Fig. 3 . Spectral deconvolution was impossible because there was no distinct peak in the spectra.
The MQMAS NMR spectra of the silicate crystals were also shown in Fig. 4 . The peak position of ¡-Na 2 O2SiO 2 crystal is more negative in both MAS and isotropic axis than that of Na2OSiO2 crystal.
In the Na + elution analysis, the mass of Na + in the water was calculated from the Na + concentration, as shown in Fig. 5 . It was found that this mass was linearly dependant on the square root of the time within 48 h. Figure 6 shows the MQMAS NMR spectra of the glasses before and after the elution analysis. These spectra 23 Na MQMAS NMR spectra of (1 ¹ y)Na 2 OyLi 2 O2SiO 2 glass ( y = 0.25, 0.5). The dotted lines in the figures correspond to the 12.5% height lines of the 23 Na MQMAS NMR spectrum of Na 2 O2SiO 2 glass shown in Fig. 1(a) . The inset lines are the chemical shift (CS) axis and the quadrupolar interaction shift (QIS) axis. The notations A, B, and C show the Na + adjacent to Q 2 Si, aggregated Na + adjacent to Q 3 Si, and isolated Na + to Q3 Si, respectively.
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are normalized because the volumes are proportional to the residual Na + . The contour lines are plotted at every 12.5%. The isotropic chemical shift and quadrupolar interaction coupling constant were calculated as follows:
where ½ MAS , ½ iso , ¦·, and ¦· (2) iso are the MAS dimension, isotropic dimension, chemical shift, and quadrupolar shift, respectively. These parameters are listed in Table 1 . The isotropic chemical shift shows an upfield shift after elution.
The ab initio MO calculations provided the optimized geometries of the model clusters, as shown in Fig. 1 . The coordination number, C N , for the central Na was defined as the number of the oxygens of which NaO distances are bellow 2.6 ¡. The enumerated C N s were 5 in the present model clusters. This result agrees with the previously reported experimental result. 30) The calculated chemical shieldings of the central Na atoms in silicate_Q3, silicate_Q3Q3Q3, and silicate_Q2Q3 are 566.2, 566.6, and 563.5 ppm, respectively. The Mulliken charges of the oxygens are shown in Table 2 . O nbr represents the nonbridging oxygens adjacent to the central Na atoms. The average charges of the oxygens closest to the Na and the other oxygens are designated as O nearest and O others , respectively. The O nearest and O others charges of silicate_Q3Q3Q3 were greater than and equal to those of silicate_Q3, respectively. The O nearest charge of silicate_Q2Q3 was greater than the O nearest charges of silicate_Q3 and silicate_Q3Q3Q3, while the O others charge of silicate_Q2Q3 was smaller than the O others charges of silicate_Q3 and silicate_Q3Q3Q3.
Next, we obtained the electric field gradient, V ¡¡ , from which the quadrupolar interaction can be calculated, as given below:
where the parameters © and¯Q 2 refer to the asymmetry parameter and quadrupolar shift, respectively. The values of V zz 2 (1 + © 2 /3) were 0.0028, 0.0004, and 0.020 for silicate_Q3, silicate_Q3Q3Q3, and silicate_Q2Q3, respectively. Table 3 lists these values calculated for the central Na in the clusters.
Discussion
Assignment of MQMAS NMR spectra
Firstly, the assignment based on the MQMAS NMR spectra of the silicate crystals is presented because the NMR shifts of the crystals show the similar manner to those of glasses. Previously it is reported that Na 2 O2SiO 2 and Na 2 OSiO 2 crystals have Q 3 and Q 2 site, respectively. 31),32) As shown in Fig. 4 , Na 2 O2SiO 2 crystal shows more negative shift in both MAS and isotropic axis than Na 2 OSiO 2 crystal does. This fact indicates that both the MAS and isotropic shift of Na adjacent to Q 2 site is more negative than that adjacent to Q 3 site. Based on this results, the peaks around B and C in Fig. 2 can be assigned to Q 3 and Q 2 site, respectively. Second, the assignments based on the quantum chemical calculations are presented. We describe the relationship between the change in the NMR parameters and the shift in the MQMAS NMR spectrum. With an increase in the chemical shielding, the chemical shift decreases, which result in the upper right shift parallel to the CS axis according to Eqs. (1) and (2) . On the other hand, the increase of the quadrapolar shift causes the lower right shift parallel to the QIS axis.
As previously reported, the 23 Na chemical shift increased with the Na + content.
14) The 23 Na chemical shift was mainly affected by the nonbridging oxygens around the Na + . This chemical shift trend was applicable to the distribution of the Na + in Na 2 O2SiO 2 glass. In fact, the local structure around Na in silicate_Q2Q3 and silicate_Q3 are similar to Na 2 OSiO 2 and Na 2 O2SiO 2 crystals, respectively. The calculated 23 Na chemical shift for silicate_Q2Q3 was smaller than the chemical shifts for silicate_Q3 and silicate_Q3Q3Q3, which result in lower left shift parallel to the CS axis. Accordingly, the lowest field area, that is, C in Fig. 2(a) , corresponds to the Na + adjacent to silicon with a 
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© in alkali silicate glasses large number of nonbridging oxygens at the Q 2 site. The present assignment agrees with that described above.
In the case of V zz (1 + © 2 /3), the MO calculations failed to support the experimental results, because the value for silicate_Q2Q3 was larger than the values for silicate_Q3 and silicate_Q3Q3Q3, even though the predicted quadrupolar interaction shift of Na + related to the Q 2 site was less than that related to the Q 3 site. This is because the model cluster was so small that the oxygen charges and electric field gradient were not correctly produced. However, the lowest field area, that is, C in Fig. 2(a) , was assigned to Q 2 -related Na + because the iconicity of the system provided a symmetric field around the Na.
As shown in Table 2 , silicate_Q3Q3Q3 is more ionic than silicate_Q3 because the O nearest and O others charges are higher in silicate_Q3Q3Q3 than in silicate_Q3. Moreover, the charge distribution in silicate_Q3Q3Q3 is more symmetric than that in silicate_Q3 because the oxygen charges are equal in silicate_Q3Q3Q3, while they are not equal in silicate_Q3. As previously reported, symmetric charges around Na provide a small quadrupolar coupling constant. 33) In fact, the quadrupolar shift of silicate_Q3Q3Q3 is smaller than that of silicate_Q3. On the other hand, no difference between the chemical shifts of 23 Na was observed in a comparison between silicate_Q3 and silicate_Q3Q3Q3. Accordingly, the peak position of silicate Q3Q3Q3 should be more upper left parallel to the QIS axis than that of silicate Q3. On the other word, these results qualitatively indicated that the chemical shift of 23 Na near by a greater number of Na + provides upper left shift in Fig. 2 . That is to say, the aggregated Na + corresponds to site B, shown in Fig. 2(a) , while Table 3 . Calculated values of V ¡¡ for silicate_Q3 and silicate_Q3Q3Q3 (¡ = x, y, z). The asymmetry parameters were calculated using the equation (V xx ¹ V yy )/V zz . The quadrupolar interaction shift is proportional to V zz (1 + 2/3). The calculated chemical shifts, ·, are also shown , and Q 4 in the Na 2 O2SiO 2 glass were 10, 80, and 10%, respectively, using 29 Si MAS NMR.
13) The present 23 Na MQMAS NMR spectra were composed of sodiums around Q 2 and Q 3 Si. The volume of the spectra related to the Na + adjacent to Q 2 was smaller than that of the spectra related to the Na + adjacent to Q 3 , even though the MQMAS NMR spectra lacked quantitativity because the triple quantum efficiency depended on the quadrupolar coupling constant. The exact area was not calculated because of the absence of a distinct peak in the spectra; however, the present assignment agrees qualitatively with the 29 Si MAS NMR results. This assignment also assumes that there was an inhomogeneous distribution of Na + in the sodium silicate glass. Previously, using far infrared spectroscopy, Kamitos et al. indicated that several glasses with alkalis have an inhomogeneous distribution of alkali ions. They also suggested the formation of alkali-rich and -poor domains. 34) , 35) In the notation of the present paper, these correspond to the aggregated and isolated sites, respectively. The present results are also in good agreement with the previous results.
Elution analysis
In order to clarify the present assumption, we next focus on the Na + elution analysis. In the case of Na 2 O2SiO 2 glass, it was difficult to control Na + leaching because Na 2 O2SiO 2 glass contained a large amount of Na 2 O, which resulted in low durability. There was also an inhomogeneous distribution of Na + in Na 2 O3SiO 2 glass, as shown in Fig. 6(a) . Therefore, Na 2 O3SiO 2 glass was selected instead of Na 2 O2SiO 2 glass, as mentioned in the experimental section. In the case of such an inhomogeneous distribution in glass, different elution rates were predicted for the isolated and aggregated sites.
First, we focus on the Na + concentration-time dependence. It is well known that in the case of linear dependence on the square root of time, the elution mechanism is the preferential extraction of alkali, while in the case of linear dependence on time, elution is caused by the breaking of siloxane bonds. 36) In the present experiment, as shown in Fig. 5 , the mass of the extracted Na + was linearly dependant on the square root of time, indicating that the elution of the Na + into the water was caused by ion exchange in Na 2 O3SiO 2 glass within 24 h. Therefore, the change in the spectra reflects the elutability of Na + at a specific site. As shown in Fig. 6 , the distribution of the Na + clearly changed during elution. Here, the spectra are normalized because their area is proportional to the Na + content. Therefore, it is possible to compare the elution rate of a particular Na + site with that of the other Na + sites, even though MQMAS NMR lacks quantitativity. In order to compare the elution rates, the cross sections at 10 and 25 ppm parallel to the MAS axis were obtained for the MQMAS NMR spectra before and after elution for 9 and 24 h, as shown in Fig. 7 . The symbols *, **, and *** in the figure are considered to correspond to A, B, and C in Fig. 2 , respectively, even though the glass composition is different. The degrees of residual Na for *, **, and *** were calculated to be 78, 73, and 50% for 9 h, and 0, 0, 10% for 24 h, respectively, although the signal to noise ratio was low. These results indicate that even in sodium silicate glass, the phase separation occurs microscopically, and therefore, alkalirich domain is less durable than alkali-poor domain.
A schematic model of the elution process is shown in Fig. 8 . There was an inhomogeneous Na + distribution in the sodium silicate glass; as proposed, Na 2 O2SiO 2 glass, A, B, and C, correspond to the isolated Na + and aggregated Na + , which are adjacent to Q 3 , and the Na + close to Q 2 Si, respectively. After the glass immersion in water, the Na + at a more aggregated site was eluted faster than that at a less aggregated site.
Mixed alkali glass
In this section, we focus on the 23 Na MQMAS NMR spectra of the mixed alkali glasses such as (1 ¹ y)Na 2 OyK 2 O2SiO 2 glasses. As shown in Figs. 2(a)2(d) , the fraction of Na + at the less aggregated site decreased with an increase in K 2 O. This result can be explained in terms of the cation field strength. Because the cation field strength of Na + is higher than that of K + , the energetically favorable site for Na + is more ionic, i.e., the aggregated site. In the case of the (1 ¹ y)Na 2 OyLi 2 O2SiO 2 glasses, the opposite tendency was observed, i.e., the fraction of Na + at the more aggregated site decreased with an increase in Li 2 O. This result can also be explained in terms of the cation field strength.
Previously, Ingram reported a model for mixed alkali glasses based on a site memory effect and mismatch energy. 1),5),6) During ion transport in a mixed alkali glass, an ion is transferred by hopping. The ion occupies another site where a different type of cation is present. This generates the mismatch energy. After hopping, the glass structure changes at a local level, resulting in the site memory effect. The present study clarified that there is an alkali site distribution in glass, especially in mixed alkali glass, and that a cation with a high field strength prefers to aggregate. This structural inhomogeneity generates the site mismatch energy and decreases the ion conductivity. using MO calculations showed that there was an inhomogeneous distribution of Na + in silicate glass. This conclusion was also supported by the results of a Na + elution analysis, which showed that Na + at a more aggregated site was extracted faster than that at a less aggregated site. The results of the MQMAS experiment performed on a mixed alkali glass revealed that a cation with high field strength was likely to aggregate in mixed silicate glasses. This type of structural inhomogeneity generated site mismatch energy, which was responsible for the mixed alkali effect. Na + Na + Na + + Na + Na + Na + Na + Na + Na + Na + Na + elution (a) before immersion (b) after immersion A B/C Na Fig. 8 . Schematic model of the elution process. The elution rate of more aggregated Na + is higher than that of less aggregated Na + . The aggregated Na + around the upper left and the isolated Na + around the lower right correspond to sites B/C and A shown in Fig. 2(a) , respectively.
Conclusions
